The physical demands in soccer have been studied intensively, and the aim of the present review is to provide an overview of metabolic changes during a game and their relation to the development of fatigue. Heart-rate and body-temperature measurements suggest that for elite soccer players the average oxygen uptake during a match is around 70% of maximum oxygen uptake (VO 2 max). A top-class player has 150 to 250 brief intense actions during a game, indicating that the rates of creatine-phosphate (CP) utilization and glycolysis are frequently high during a game, which is supported by findings of reduced muscle CP levels and severalfold increases in blood and muscle lactate concentrations. Likewise, muscle pH is lowered and muscle inosine monophosphate (IMP) elevated during a soccer game. Fatigue appears to occur temporarily during a game, but it is not likely to be caused by elevated muscle lactate, lowered muscle pH, or change in muscleenergy status. It is unclear what causes the transient reduced ability of players to perform maximally. Muscle glycogen is reduced by 40% to 90% during a game and is probably the most important substrate for energy production, and fatigue toward the end of a game might be related to depletion of glycogen in some muscle fibers. Blood glucose and catecholamines are elevated and insulin lowered during a game. The blood free-fatty-acid levels increase progressively during a game, probably reflecting an increasing fat oxidation compensating for the lowering of muscle glycogen. Thus, elite soccer players have high aerobic requirements throughout a game and extensive anaerobic demands during periods of a match leading to major metabolic changes, which might contribute to the observed development of fatigue during and toward the end of a game.
specific focus on the response of individual players and how metabolic processes might be related to the development of fatigue.
Heart-Rate and Oxygen Measurement in Soccer
Average heart rates have been found to be around 85% of maximal values, and peak heart rates have been close to maximal. 2, 3, [6] [7] [8] [9] These values can be "converted" to oxygen uptake using the relation between heart rate and oxygen uptake obtained during treadmill running. 7, [9] [10] [11] It is likely, however, that the heart-rate values during a match lead to an overestimation of the oxygen uptake, because a number of factors such as dehydration, hyperthermia, and mental stress elevate the heart rate without affecting oxygen uptake. Nevertheless, taking these factors into account, the heart-rate measurements during a game indicate that the average oxygen uptake is around 70% VO 2 max. This is supported by measurements of core temperature, which is another indirect measurement of energy production. Core temperatures of 39°C to 40°C during a game suggest that the average aerobic loading during a game is 70% to 75% VO 2 max. 3, 12, 13 No study has been able to measure oxygen uptake during a soccer match, but in a number of investigations it has been measured by portable gas analyzers during soccer activities. 11, 14, 15 It was observed that oxygen uptake ranged from 2.5 to 4.5 L/min, with a corresponding relative aerobic loading around 70% and 85% to 95% VO 2 max during moderate-and high-intensity activities, respectively. More important, the relation between oxygen uptake and heart rate was similar to that observed during treadmill running, 11 suggesting that heart-rate measurements during a match, with some limitations, can be used to estimate relative work intensity.
Muscle Creatine-Phosphate Utilization in Soccer
The observation that elite soccer players perform 150 to 250 brief, intense actions during a game 16 indicates that the rate of anaerobic-energy turnover is high during periods of a game. Even though it has not been studied directly, the intense exercise during a game would lead to a high rate of breakdown of creatine-phosphate (CP), which to a major extent is resynthesized in the subsequent periods of low-intensity exercise. 7 Measurements of CP in muscle biopsies obtained after intense-exercise periods during a game have shown average levels around 75% of the level at rest. This is, however, likely to be significantly lower during the match, because these values were obtained from biopsies taken 15 to 30 seconds after match activities in which a substantial resynthesis of CP undoubtedly has occurred. 6 Using proper values for resynthesis of CP and the measured CP values, as well as the delay time in obtaining the biopsies, it can be estimated that the CP concentration during the game would have been about 60% of the resting level.
There is evidence to suggest that soccer players experience fatigue temporarily during games. 6, 16 The difficult question is what causes it. Fatigue during match play is probably a complex phenomenon with a number of contributing factors. It might be a result of low muscle CP concentrations, because performance in intense intermittent exercise is elevated after a period of creatine supplementation. 17, 18 The question is whether CP is becoming critically low-that is, below a threshold for being able to perform maximally. The CP levels might during parts of a game become low, below 30% of resting level, if a number of intense bouts are performed with only short recovery periods. More important, CP might become very low in individual muscle fibers, because the stores of CP have been reported to be almost depleted in individual fibers at the point of fatigue after intense exercise. 19 During a Yo-Yo intermittent recovery test in which speed was progressively increased to the point of exhaustion, however, no changes were observed in muscle CP in the final phase of exercise. 20 This fact argues against low CP having a significant inhibitory effect on performance during intense intermittent exercise and during a soccer match. The breakdown of CP leads to a considerable accumulation of phosphate, and it has been suggested that phosphate could be involved in the development of fatigue during intense exercise. 21 With the same arguments as brought up for CP, however, it is not likely to be a major component in fatigue during intense periods of a soccer game, which is supported by findings of in vitro studies.
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Muscle Lactate and pH in Soccer
Average blood lactate concentrations of 2 to 10 mM have been observed during soccer games, 3, 4, [6] [7] [8] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] with individual values above 12 mM (Tables 1A and 1B ). There are major individual changes during a match, as indicated in Figure 1 , which to some extent reflects the activities of the players immediately before sampling. 4, 10 Nevertheless, the findings of high blood lactate concentrations indicate that the rate of muscle lactate production is high during match play. Muscle lactate has been measured in a friendly game between nonprofessional teams and rose fourfold (to around 4 mmol/kg wet weight) compared with resting values after intense periods in both halves, with the highest value being 10 mmol/kg wet weight. 6 Nevertheless, the average value is less than one-fifth of the concentrations observed during short-term intermittent exhaustive exercise. 20 An interesting finding was that muscle lactate was not correlated with blood lactate during a soccer game (Figure 2 ). A scattered relationship with a low correlation coefficient has also been observed between muscle and blood lactate when subjects performed repeated intense exercise during a Yo-Yo intermittent recovery test. 20 These observations are in contrast to those during continuous exercise, in which the blood lactate concentrations are lower but reflect the muscle lactate concentrations during exercise. 34 These differences between intermittent and continuous exercise are probably caused by different turnover rates of muscle and blood lactate during the 2 types of exercise, with the rate of lactate clearance being significantly higher in muscle than in blood. 35 An indication of the net rate of lactate clearance from the blood can be obtained from measurements of blood lactate at the start and the end of halftime, as well as after a game ( Figure 3 ). In one study 6 the mean rate of blood lactate decrease at halftime was 0.1 mmol · L -1 · min -1 , which means that it would take 60 minutes to reduce the blood lactate concentration by 6 mmol/L. The rate of clearance also depends, however, on the level of blood lactate and is elevated during low-intensity exercise.
These factors can explain how 1 of the players whose data are shown in Figure  1 production of lactate and a significant release of lactate from the active muscles. Apparently, during the intermittent exercise in soccer the blood lactate level can be high even though the muscle lactate concentration is relatively low. Thus, the rather high blood lactate concentration often seen in soccer 3, 6, 7 might not represent a high lactate production in a single action during the game but, rather, an accumulated, balanced response to a number of high-intensity activities. This response is important to take into account when interpreting blood lactate concentrations as a measure of muscle lactate concentrations. Nevertheless, based on numerous studies focusing on muscle lactate accumulation during short-term maximal exercise performed in a laboratory [36] [37] [38] and the finding of high blood lactate and moderate muscle lactate concentrations during match play, it appears that the rate of glycolysis is high for short periods of time during a game.
A role of accumulated muscle lactate and lowered muscle pH in the development of fatigue has been suggested. 21, 39 In the study by Krustrup et al 6 the reduction in performance during the game was related to muscle lactate. The relationship was weak, however, and the changes in muscle lactate were moderate. Furthermore, several studies have shown that accumulation of lactate does not cause fatigue. 20, [40] [41] [42] Another candidate for the cause of muscle fatigue during intense exercise is low muscle pH. 43 Muscle pH is only moderately reduced (>6.8) during a game, however, and no relationship with lowered performance has been observed. 6 Together, these findings suggest that temporary fatigue in soccer is not causally linked to high muscle lactate and acidosis. 
Muscle ATP and IMP and Blood Ammonia in Soccer
During the match studied by Krustrup et al 6 muscle ATP was only moderately reduced (15%) during the game, which to some extent might have been a result of the 15-to 30-second delay in obtaining the biopsies. Even during intense shortterm exhaustive exercise, however, muscle ATP is not lowered more than 30%, and the resynthesis rate is rather low in recovery. 6 Thus, the observed ATP concentrations might reflect true lowering of muscle ATP. A corresponding accumulation of muscle IMP is observed during a game. 6 In addition, plasma NH 3 concentration is higher, 7, 9 supporting the suggestions of a significant activation of muscle AMP deaminase reaction. In addition, the concentrations of hypoxanthine and uric acid in the blood were significantly higher during match play than at rest, indicating a further breakdown of IMP. 7, 9 As observed for lactate, considerable differences in plasma ammonia concentrations were observed, probably reflecting differences in activity levels and in energy turnover between players during a game (Figure 4) . Nevertheless, muscle IMP levels were considerably lower than during exhaustive exercise, 44 and ATP was only moderately reduced. Thus, it not likely that fatigue occurred as a result of low energy status of the contracting muscles.
Muscle Glycogen Utilization During a Soccer Match
Muscle glycogen is an important substrate for soccer players, as illustrated from the various studies in which glycogen has been measured ( Table 2 ). Saltin 1 observed that the muscle glycogen stores were almost depleted at halftime when the prematch levels were low (~45 mmol/kg wet weight). In that study, some players also started the game with normal muscle glycogen levels (~100 mmol/kg wet weight), and the values were still rather high at halftime but below 10 mmol/kg wet weight at the end of the game. Others have found the concentrations to be 40 to 65 mmol/kg wet weight after a game, 6, 23, 30, 45, 46 indicating that muscle glycogen stores are not always depleted in a soccer game ( Table 2) . Analyses of single muscle fibers after a game, however, have revealed that a significant number of fibers are depleted or partly depleted at the end of the game ( Figure 5 ). 6 A number of studies have demonstrated that the amount of high-intensity running is reduced toward the end of a match, 5, 16, 47, 48 and some studies have demonstrated that sprint and intermittent-exercise performance after a soccer game are lowered. 6, 13 The question is what causes that type of fatigue in soccer. One candidate is depletion of glycogen stores, because development of fatigue during prolonged intermittent exercise has been associated with lack of muscle glycogen. Moreover, elevating muscle glycogen before exercise through a carbohydrate diet enhances performance during such exercise. 49 ,50 Some 1,51 but not all investigations 6, 23, 30, 45, 46 have indicated that muscle glycogen during a game decreases to levels below the required value to maintain maximal glycolytic rate (~50 mmol/kg wet weight). 48 In the study by Krustrup et al 6 the muscle glycogen concentration at the end of the game was reduced to 40 to 60 mmol/kg wet weight, indicating that there was still glycogen available. Histochemical analysis revealed, however, that about half the individual muscle fibers of both types were almost depleted or depleted of glycogen ( Figure 5 ). This reduction was associated with a decrease in sprint performance immediately after the game. Therefore, it is possible that such a depletion of glycogen in some fibers does not allow for a maximal effort in single and repeated sprints. Nevertheless, it appears unclear what the mechanisms are behind a possible causal relationship between muscle glycogen levels and fatigue during prolonged intermittent exercise.
Blood Glucose, Free Fatty Acids, and Hormones in Soccer
Blood glucose is elevated in soccer players during games, 52 and only in a few cases has it been observed to decrease to a level that might affect performance (Table 3 ). These findings suggest that the rate of glucose release from the liver is high enough to compensate for the use of blood glucose throughout a game. It is interesting that at halftime almost all players had a reduction in blood glucose (Figure 6 ), probably reflecting a significant glucose uptake by the previously active muscles and a reduced stimulation of liver glycogenolysis through, among other things, lowered catecholamine levels. Free-fatty-acid (FFA) concentration in the blood increases progressively during a game, and more so during the second half ( Figure 7) . 6, 7 The frequent rest and low-intensity periods of a game allow for significant blood flow to adipose tissue, which promotes release of FFA. This effect is also illustrated by the finding of even higher FFA concentrations at the end of the halftime and after the game (Figure 7) . The suggestion of a high rate of lipolysis during a game is supported by the observations of elevated levels of glycerol, even though the increases are smaller than during continuous exercise, which probably reflects a high turnover of glycerol-for example, as a gluconeogenic precursor in the liver. 7 Hormonal changes might play a major role in the progressive increase in FFA. Insulin concentrations are lowered and catecholamine levels are progressively elevated during a match, 7 stimulating a high rate of lipolysis and, thus, release of FFA into the blood. 7, 52 The effect is reinforced by lowered lactate levels toward the end of a game, leading to less suppression of mobilization of fatty acid from the adipose tissue. 6, 7, 53, 54 The changes in FFA during a match might reflect a higher uptake and oxidation of FFA by the contracting muscles, especially during recovery periods in a game. 55 In addition, higher utilization of muscle triglycerides might occur in the second half as a result of elevated catecholamine concentrations. 56 Both processes might be compensatory mechanisms for the progressive lowering of muscle glycogen and are favorable in maintaining blood glucose concentration at a high level.
Summary
The intense exercise periods during a soccer game lead to high anaerobic-energy turnover with an associated accumulation of lactate and lowering of pH in the exercised muscles. These factors are probably not, however, the main factors in the temporary fatigue that occurs during a game, which is probably caused by a complex interplay between a number of factors. Recent data from human studies support an old theory about accumulation of potassium in muscle interstitium and a concomitant change in muscle-membrane potential playing an important role in the development of fatigue during intense exercise. 57, 58 Plasma potassium has been shown to be elevated during a soccer match, but sufficient information was not provided about the accumulation in muscle interstitium. 6 Soccer players also appear to be fatigued toward the end of a game, and even though it is unclear what causes this fatigue, depletion of glycogen in individual fibers might play an important role. Thus, players should develop proper nutritional strategies to elevate muscle glycogen before games 9, 59 and perform appropriate training to reduce the loss of muscle glycogen during games.
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Perspectives
The intense research on the metabolic response during soccer has provided many answers but also given rise to a number of important questions. For example, it would be valuable to have more information about the cause of temporary fatigue during a match and whether it is linked to the metabolic response. 61 Such investigations should be performed based on information from research studies done in the laboratory and incorporate some of the experimental designs and methods used in such studies.
